in an in vitro β−carotene-linoleate model system and found to be higher than the corresponding unmodified ubiquinones. These results demonstrate that by combining pathway steps from different branches of biosynthetic networks, classes of compounds not observed in nature can be synthesized, and structural motifs that are functionally important can be combined or enhanced.
INTRODUCTION
Ubiquinone (UQ) or coenzyme Q is a respiratory chain electron carrier and important cellular antioxidant composed of a benzoquinone ring, responsible for UQs radical scavenging activity (27) , and an isoprene tail of varying chain length (7, 22, 42) (Figure 1 and 2 ). UQ has applications as pharmaceutical and dietary supplement and as cosmetic ingredient. Oral administration of UQ-10, the UQ species synthesized by humans, for examples is used in the treatment of several conditions like cardiomyopathy, Alzheimer's and Parkinson's disease and diabetes (reviewed in: (4)). An increasing demand for UQ as antioxidant supplement has led to renewed efforts in improving current microbial production processes by engineering hosts such as E. coli for commercial fermentation processes (4) .
Biosynthesis of UQ has been extensively studied in the two model organisms E. coli and
Saccharomyces cerevisiae (22, 37, 40) . The hydrophobic isoprene tail of UQs is derived via the successive head-to-tail condensation of C5 isoprene units (isopentenyl diphosphate, IPP) catalyzed by prenyl diphosphate synthases. The length of the isoprenoid chain varies among different organisms, for example: S. cerevisiae synthesizes UQ-6 (C30, 6 x C5 IPP), E. coli produces UQ-8 (C40, 8 x C5 IPP) and humans synthesize UQ-10 (C50, 10 x C5 IPP). In addition to UQ-8, E. coli produces the octaprenyl-napthoquinones menaquinone and demethylmenaquinone as respiratory quinones. Under aerobic growth, the UQ concentration (~200-300 nmol g -1 ) is about five times greater than the menaquinone and demethylmenaquinone concentration. Menaquinone and demethylmenaquinone, however, constitute the major quinones under anaerobic conditions (37, 46, 50) .
In E. coli, the UQ isoprenoid tail is synthesized by octaprenyl diphosphate (OPP)
synthase IspB, and additional eight Ubi enzymes are required for UQ synthesis as shown in The length of the prenyl chain can be manipulated by expressing heterologous prenyl transferases with different chain length specificities in E. coli (4, 36, 52, 53) . However, additional modifications of the isoprenoid chain such as chain desaturations require the recruitment of enzyme activities from other biosynthetic pathways. Recruitment of enzyme activities is a frequently exploited mechanism in nature to create chemical diversity and in particular isoprenoid pathways are often linked to other pathways (2, 9, 15, 45, 49, 51) . We therefore sought to explore the possibility of using enzymes that modify the backbone of carotenoid molecules to generate UQs with modified prenyl chains.
A C C E P T E D
Carotenoids are isoprenoid-derived pigments with functions in photosynthesis and as antioxidants. Linear isoprenoid chains are synthesized by the sequential addition of IPP to allylic diphosphates of various lengths in head-to-tail reactions catalyzed by prenyl diphosphate synthases ( Figure 1 ). Carotenoid biosynthesis, however, proceeds via the head-to-head condensation of two linear isoprenoid diphosphate molecules providing a symmetrical polyene backbone. Although most natural carotenoids have a 40-carbon backbone (C40) resulting from the condensation of two C20 geranylgeranyl diphosphate (GGPP) molecules, some Gram Figure 1 ). Additional structural diversity is generated by a diverse array of modifying enzymes, many of which can accept alternative substrates, a characteristic which has been exploited to direct the synthesis of novel, unnatural carotenoid structures in heterologous hosts (17, 43).
Recent studies have also shown some promiscuity of carotenoid desaturase activity (17, 32, 34,
35, 44, 47).
Here we report on the successful generation of UQs with prenyl side chains containing conjugated double bonds (hereafter the term "desaturated" will be used to describe ubiquinones with additional double bonds in their prenyl side chains not present in the native structures), not observed in nature, by the C30 carotenoid desaturase CrtN from S. aureus (31, 32) . Further combinatorial biosynthesis provided longer polyprenyl diphosphate side chains, which were also readily desaturated and incorporated in the UQ biosynthetic pathway, thus generating additional structural diversity ( Figure 2 ). We also show that these desaturated UQ structures have improved antioxidant activity by examining the antioxidant properties of the modified structures in an in vitro β-carotene-linoleate assay.
(99.9%) for NMR studies was purchased from Aldrich.
Cloning and culture growth: Cloning of genes encoding carotenoid desaturases CrtI, CrtI14
and CrtN into the constitutive expression vector pUCmod has been previously described (17, 34).
Cloning of genes encoding different prenyl diphosphate synthases IspA, Fgs and CrtE into pUCmod has been described (16, 18, 34) . The gene encoding the decaprenyl diphosphate synthase (Dds) from Rhodobacter sphaeroides (DSM 158) was amplified from genomic DNA with sequence specific primers introducing a XbaI site followed by an optimized Shine-Dalgarno sequence (34) at its 5' end and a EcoRI site at its 3' end. The digested PCR product was cloned into the corresponding sites of pUCmod to facilitate constitutive expression from a modified lac promoter (34). The gene encoding octaprenyl diphosphate (OPP) synthase IspB from E. coli was amplified from genomic DNA with sequence specific primers and cloned in the same way as Dds into pUCmod. For constitutive co-expression of carotenoid desaturase CrtN with different prenyl diphosphate synthases, crtN along with its lac promoter was subcloned into the compatible plasmid pACmod essentially as described previously (34).
For UQ production, recombinant E. coli JM109 was cultivated for 24-36 hrs in the dark at 30 ο C in Terrific Broth (TB) medium supplemented with the appropriate selective antibiotics chloramphenicol (50 µg/ml) (pACmod) and/or carbenicillin (100 µg/ml) (pUCmod).
Isolation of quinone compounds:
Wet cells from a 250 ml (~50 mg) or 4 L (~10 g) culture were washed with distilled water and repeatedly extracted at 4 ο C with a total volume of 30 ml or 7 N 2 gas to dryness or by rotary evaporator and finally resuspended with 5-50 ml acetone. The acetone extract was kept at -80 ο C for 1 day to form a white precipitate and then filtered through a 0.2 µm nylon membrane to remove the precipitate. The resulting extracts were re-extracted with an equal volume of ethyl acetate or hexane after addition of 1/2 volume of saltwater (15 % NaCl). The organic phase, which contained quinone compounds, was collected and washed again with distilled water. The collected organic phase was completely evaporated in a vacuum to dryness at room temperature, resuspended with 0.5-5 ml hexane, applied to silica gel chromatography (2.5 × 100 cm) and eluted stepwise with increasing amounts of acetone in hexane (0 % acetone to 10 % acetone). The fractions were then dried under nitrogen gas or in a vacuum and dissolved in 1-2 ml hexane. For further purification of UQ compounds, preparative TLC and preparative HPLC were performed as described previously (17). (21)) and used as standard compounds.
HPLC, LC-
Similarly, modified UQ compounds with 5 CDBs were purified from E. coli cells and dissolved in hexane for spectroscopic quantification using the extinction coefficient of phytofluene which has 5 CDBs and a comparable UV/Vis spectrum (E 348nm = 85,500 M -1 cm -1 in hexane (1)). and IspB were amplified with a forward primer containing at its 5' end a XbaI site and a reverse primer containing at its 5' end EcoRI site, followed by (GTG) 6 , flanking the gene. The PCR products were then purified, digested with the restriction enzymes (XbaI and EcoRI), and subcloned into the corresponding sites of pUCmod to construct pUC-CrtN_hisc and pUCIspB_hisc, which constitutively express C-terminal His6-tagged CrtN and IspB, respectively.
Construction and affinity purification of His6-tagged CrtN and IspB: Genes encoding CrtN

A C C E P T E D
The C-terminal His6-tagged CrtN and IspB were expressed in E. coli JM109 and purified with a packed BD TALON affinity resin (Clontech, CA) as described previously (16) .
In vitro assays:
In vitro desaturation of UQs was examined using purified CrtN with conditions essentially described in (31, 32) . Briefly, the reaction (500 µl) contained 0.1 M sodium phosphate buffer (pH 7.0), 0.1 % (w/v) bile salt, 1 mM FAD, 2.5 µg substrate (UQ-6, -8, -9, -10) and 10 µg purified CrtN. As a control reaction, diapophytoene, a natural substrate for CrtN, was substituted for UQs. Diapophytoene was purified and quantified (E 286nm = 49,800 M -1 cm -1 in hexane) (1) as described above. The reactions were incubated for 16 hrs at 30 ο C with gentle agitation and extracted 3 times with 0.5 ml hexane. Products were separated and monitored by HPLC as described above.
Preparation of lyophilized cells and in vivo labelling with [ 14 C]IPP: Lyophilized recombinant
E. coli cells overexpressing IspB or CrtN were prepared as described previously with slight modifications (11) . Briefly, the cells were grown in TB medium at 30 ο C (~ an OD 600 of 2.0), harvested and washed once with 0.1 M potassium phosphate buffer (pH 7.5). The wet cells (~500 mg) were suspended in 1 ml of 3 % sodium glutamate solution, frozen in liquid nitrogen, and lyophilized in a VirTis Freeze Dryer Shelf Unit (Virtis Company Inc., New York). (14) .
A C C E P T E D
Analysis of antioxidant activity: Antioxidant activity of desaturated UQs was investigated using the β-carotene-linoleate model system as described before (3). One ml aliquot of β-carotene (0.3 mg ml -1 ) was added to a flask containing linoleic acid (4 mg) and Tween 40 (40 mg). After addition of 50 ml distilled water (saturated with air for 45 min), the resulting mixture was split into 5 portions supplemented with 18.7 µM of isolated UQ compounds (except for the control) to be analyzed. Bleaching of β-carotene in the presence of UQ compounds was then followed at 470 nm over 2 hrs in 12 s intervals at 42 ο C with a microplate reader (SpectraMax 384 plus, Molecular Devices). All experiments were performed in triplicate.
RESULTS
In vivo activity of carotenoid desaturase enzymes on ubiquinones.
We examined the activity of three different carotenoid desaturases (CrtN, CrtI and CrtI14) on the native UQ-8 biosynthetic pathway in E. coli. The enzymes CrtN (C30 carotenoid desaturase) (17), CrtI (C40 carotenoid desaturase) (34) and CrtI14 (in vitro-evolved C40 carotenoid desaturase) (34) were selected to provide catalytic diversity ( Figure 1 ). E. coli strain JM109 harboring the plasmids pUCMod (control), pUC-CrtN, pUC-CrtI or pUC-CrtI14 was cultured aerobically and organic extracts of cell pellets examined for the presence of altered UQ products. HPLC analysis ( Figure 3A) detected native E. coli UQ-8 in oxidized (ubiquinone-8, structure 1 in Figure 2 ) and reduced (ubiquinol-8, structure 2 in Figure 2 ) forms in all four E. coli Consequently, based on the UV/Vis spectra, molecular masses, mass fragmentation patterns, and NMR spectra, we propose that compounds 3, 4 and 5 are UQ-8 derivatives with desaturated prenyl side chains (Table 1 and Figure 2 ).
Analysis of prenyl side chain desaturation.
Synthesis of these desaturated UQ-8 compounds may either be the result of UbiA accepting a desaturated prenyl group of octaprenyl diphosphate (OPP) synthesized by CrtN or direct desaturation of ubiquinone-8/ubiquinol-8 by CrtN. Considering that hydrophobic UQ coli RKP4152 (38, 39)) expressing CrtN (unpublished data). Since OPP is a shared precursor of both the UQ-8 and menaquinone pathways in E. coli (Figure 1 ), desaturated derivatives of menaquinone-8 would be synthesized from desaturated OPP in E. coli the same way as UQs.
A C C E P T E D
Biosynthesis of UQ-10 derived products with desaturated prenyl side chains.
Previous reports have demonstrated that the E. coli UQ-8 pathway enzyme UbiA is able to utilize C50 decaprenyl diphosphate (DPP) as a substrate and synthesize UQ-10 (22). Therefore we attempted to create a biosynthetic pathway in which CrtN desaturates this decaprenyl side chain, producing desaturated UQ-10 derivatives. The gene encoding C50 decaprenyl diphosphate synthase (Dds) was cloned from Rhodobacter sphaeroides (pUC-Dds) and overexpressed in E.
coli to supply the UQ-10 pathway precursor C50 DPP. HPLC analysis of extracts of E. coli pUCDds demonstrated that C50 DPP supplied by Dds was efficiently converted by the native UQ-8 pathway enzymes into UQ-10 (structure 6, M = 862.5) along with ubiquinol-8 (structure 2) and the UQ-10 intermediate decaprenylphenol (structure 7, M= 774.5) as major products ( Figure 5A ).
Small amounts of UQ-7 (structure 8, M = 659.4), UQ-9 (structure 9, M= 794.6) and ubiquinol-10 (structure 10, M = 864.5) (41) were also detected along with pathway intermediates octaprenyl-4-hydroxybenzoic acid (structure 11, M = 682.5), decaprenyl-4-hydroxybenzoic acid (structure
A C C E P T E D
12, M = 818.5) (Figure 2 and Table 1 Table 1 ).
In addition, desaturated derivatives of UQ-8 (structure 3), UQ-9 (structure 15, M = 790.5) and ubiquinol-11 (structure 16, M = 926.5) were also identified based on HPLC data, UV/Vis spectrum and LC-MS. It is well known that prenyl diphosphate synthases often generate small quantities of shorter and longer chain products, as the mechanism for determining product size is not perfect (29) . These results suggest that the inherent flexibility of E. coli's native UbiA allows the incorporation of shorter and longer prenyl diphosphate side chains, and that CrtN readily desaturates these side chains precursors.
Biosynthesis of UQ-5 derived products with desaturated prenyl side chains.
In order to further investigate the ability of UbiA to accept unnatural substrates and CDB (λ max : 408, 429, 456) that does not extend to the ring structure ( Figure 2, structure 18) .
A C C E P T E D
Finally, the proposed structure of compound 19 is a 2-pentaprenylphenol-derivative with a system of 8 CDBs based on the spectral data (λ max : 389, 413, 437) and mass data (M = 428.3) (Figure 2, structure 19) .
Synthesis of compounds 17, 18, and 19 suggests CrtN is able to catalyze the extended desaturation of shorter chain polyprenyl substrates. Unexpectedly, modified UQ-5 derivatives with complete quinone ring structures were not observed. However, the additional double bonds in the side chains of these compounds may render further pathway derivatives inaccessible to other UQ pathway enzymes.
Antioxidant activity of ubiquinones with desaturated side-chains.
It is well established that the benzoquinone rings of UQs play an important role in radical-scavenging activity, and that the CDBs of carotenoids confer antioxidant activity. We therefore reasoned that UQ derivatives with CDB-containing prenyl side chains might prove more effective antioxidants than unmodified UQs. To explore this possibility, antioxidant activities of isolated UQ-8 and UQ-10 as well as their corresponding 5 CDB-containing derivatives against peroxyl radicals were investigated with the β- carotene-linoleate assay (3) over a fixed time period (2 hrs, 42 ºC).
In the β-carotene-linoleate assay, β-carotene is subjected to peroxyl radical oxidation, Here we show that the C30 carotenoid desaturase CrtN from Stapylococcus aureus (32) acts on prenyl substrates to produce ubiquinones with conjugated prenyl chains when heterologously expressed in E. coli. Overexpression of CrtN in E. coli cells lead to synthesis of
A C C E P T E D
desaturated UQ-8 compounds with octaprenyl side chains containing conjugated double bonds.
This activity was not observed with C40 carotenoid desaturases CrtI (C40 carotenoid desaturase) (34) and CrtI14 (in vitro-evolved C40 carotenoid desaturase) (34). All carotenoid desaturases, including CrtN, are thought to recognize the essential 3 CDBs at the center of C40 phytoene or C30 diapophytoene (Figure 1 ) precursors and then initiate and continue desaturation reactions in either direction (19) . However, we observed activity of CrtN on prenyl substrates without this structural motif, indicating that the mechanism of CrtN's substrate recognition is more complex.
Co-expression of CrtN in recombinant E. coli with heterologous prenyl diphosphate showed that CrtN can also act in a similar manner on prenyl side chains that are longer (C50) or shorter (C25) than the octaprenyl chains produced by wild-type E. coli cells. Desaturated prenylside chains of various lengths were readily accepted by UbiA for the synthesis of novel UQs (and also menaquinones, not shown), confirming previous results that the E. coli UQ pathway, in particular the prenyl transferase UbiA, has considerable metabolic flexibility (22) . Other enzymes of the UbiA prenyltransferase family catalyze prenyl-group transfer in the biosynthesis of hemes, chlorophylls, vitamin E, shikonin and archael isoprenoid lipids (13) . These prenyl transferases may also accept prenyl-chains varying in length and degree of desaturation, thus making it possible to apply an approach similar to the one described in this study for the biosynthesis of diverse prenylated products with new biological properties in engineered cells.
UQ derivatives with conjugated prenyl side-chains generated in this study have increased In conclusion, by combining biosynthetic steps from two pathways synthesizing separate classes of metabolites, we generated recombinant strains of E. coli that produce structurally new antioxidants. This 'crossing over' of downstream biosynthetic steps from related, but divergent metabolic pathways is thought to be an important evolutionary mechanism by which natural chemical diversity is created (5) . Applying this in an engineered system exploits the plasticity of biosynthetic pathway steps. Although this is not a characteristic inherent in all enzymes, the enzymatic diversity accessible as a result of genomics, and the ability to alter enzymes by rational engineering or directed evolution, will assist in overcoming this obstacle. recorded UV/Vis spectra for major compound peaks (see Table 2 for λ max of other compounds). 
